Introduction
[2] Theta auroras are a special type of polar cap arc first identified by Frank et al. [1982] using global auroral images acquired by the Dynamic Explorer (DE)-1 satellite. Viewed from high-altitude satellites, the theta aurora appears to be aligned with the Sun, stretching across the entire polar cap (thus they are also known as transpolar arcs), with one or both ends connecting to the oval, forming an auroral form that resembles the 17th Greek letter ''Q. '' [3] Many observations have shown that the formation and dynamic characteristics of theta auroras are strongly tied to the orientation of the interplanetary magnetic field (IMF). For example, theta auroras occur predominantly during large and positive IMF B z [Kullen et al., 2002] , though there is some evidence suggesting that theta auroras can occur after a short (10 -20 min) southward excursion of prolonged northward IMF [Newell et al., 1995] , which caused Newell et al. [1995] to propose that a theta aurora is formed by separating the plasma sheet with new open magnetic flux. Later, Chang et al. [1998] generalized this idea by taking account of the IMF B y effect, as it can also cause dayside magnetic field merging. They proposed that theta auroras can also be formed during purely northward IMF when abrupt changes in the IMF B y polarity occur. Theta auroras that form and develop during strictly northward IMF have also been confirmed observationally by other workers [Cumnock et al., 1997 . More recently, in light of these findings Kullen [2000] demonstrated semianalytically that a transpolar arc with one end connecting to the nightside oval can be formed by twisting of the magnetotail associated with a flip in IMF B y polarity under northward IMF conditions. The twising magnetotail model is also confirmed by MHD simulations [Kullen and Janhunen, 2004; Naehr and Toffoletto, 2004] .
[4] The y-component of IMF controls the (dawn-dusk) motion of theta auroras. After being formed, theta auroras move slowly across the polar cap in the direction of the IMF B y component in the Northern Hemisphere [Frank et al., 1986; Huang et al., 1989] and in the opposite direction in the Southern Hemisphere [Craven et al., 1991] . Theta auroras may coexist in both hemispheres, with one being the mirror image of the other [Craven et al., 1991] . The models of Newell et al. [1995] , Chang et al. [1998] , and Kullen [2000] also correctly predict the motion of theta auroras in response to the IMF B y component.
[5] While it is well known that a reverse convection pattern can appear in the dayside high-latitude ionosphere during an extended period of northward IMF [e.g., Mozer and Gonzales, 1973; Maezawa, 1976; Burke et al., 1979] , the picture of plasma convection in association with theta auroras is somewhat inconclusive at this time. Observations of the cross-track plasma flows by low-altitude satellites such as the DE-2 and DMSP often showed a sunward component above the theta auroras and an antisunward component in the rest of polar cap [Frank et al., 1986; Chang et al., 1998; Cumnock et al., 2002] . These observational results are consistent with reverse convection associated with tail-lobe magnetic field merging during northern IMF conditions. The reverse convection is also affected by the IMF B y component. Observations from MAGSAT indicated that the morning (evening) cell waxes for a positive (negative) IMF B y component in the northern polar region and vice versa in the southern polar cap [Potemra et al., 1984; Bythrow et al., 1981] , indicating that the central sunward convection flow line moves in the same direction as the IMF B y component. If the theta aurora lies on the sunward convection flow as many satellite observations suggested, these observational results suggest a close relationship between the convection flow pattern and the theta aurora morphology.
[6] In contrast to satellite observations, ground-based radar observations of plasma flows around polar cap arcs, identified by ground-based all-sky imagers, have suggested a predominantly antisunward flow within the polar cap arcs [Robinson et al., 1987; Mende et al., 1988] . Although there is a question of whether or not polar cap arcs observed on the ground are associated with theta auroras, the electrodynamics should be similar for both small-and larger-scale polar cap arcs. However, the disagreement between the spacecraft and ground results may be associated with the limitation in measurement techniques. Plasma flows observed by spacecraft are limited to one dimension along the orbit, whereas plasma flows from ground-based single radar are limited to a small two-dimensional area. If the plasma flow within the theta aurora is not omnidirectional and if there is systematic bias in the measurement locations, different results could be expected.
[7] In our opinion, this problem can only be resolved by comparing both auroras and convection patterns on a global scale. The objective of this work is to compare theta auroras identified from global auroral images with simultaneous global ionospheric patterns from an array of ground-based radars. The remaining part of this paper is organized as follows: section 2 presents instruments and observations. A discussion is given in section 3 followed by a summary and conclusion in section 4.
Instruments and Observations
[8] This study utilizes data from the ultraviolet imager (UVI) on board the Polar satellite to provide global auroral display. The Polar UVI is a snapshot, two-dimensional CCD-type optical sensor, with a typical cadence of $37 s and a designed spatial resolution of $30 Â 30 km 2 at the Polar apogee ($9 R E ) [Torr et al., 1995] . UVI has acquired millions of Earth disk images, mostly in the region of the northern oval. The UVI optical sensor is designed to acquire four major auroral emissions in the FUV bands from 1300 to 1900 Å : two atomic oxygen lines centered at 1304 Å and 1356 Å and two molecular nitrogen Lyman-Birge-Hopfield (LBH) bands centered at $1500 Å (LBHs) and $1700 Å (LBHl). During the survey period, UVI operated with a single LBHl filter mode, thus providing the highest time resolution of auroral images.
[9] In contrast to most of previous studies of theta auroras, large-scale ionospheric convection data will be provided by the Super Dual Auroral Radar Network (Super-DARN) [e.g., Greenwald et al., 1995] . Each SuperDARN radar transmits a series of high-frequency (HF) pulses along its 16-beam field of view. By analyzing the Doppler shift imparted to the backscatter, the plasma speed along the radar line of sight can be determined. The SuperDARN network in the Northern Hemisphere currently consists of nine radars. The network provides coverage of the polar region above $60°magnetic latitude (Figure 1 ). Using a standard mapping algorithm [Ruohoniemi and Baker, 1998 ], the individual sets of velocity measurements can be combined and synthesized into a best-fit estimate of the global pattern of plasma convection. The patterns are generated at a cadence of 1 or 2 min. The radar measurements are supplemented with data from the statistical model of Ruohoniemi and Greenwald [1996] in order to stabilize the solution over regions of no observations.
[10] Particle data from a special sensor for precipitating particles (SSJ)/4 and plasma flow data from an ion drift meter (IDM) aboard the Defense Meteorological Satellite Program (DMSP) satellites, which are in Sun-synchronous nearly circular polar orbits at about 830-km altitude with orbital inclinations of $98°, will also be used to characterize the theta auroras. The SSJ/4 electrostatic analyzers measure the flux of precipitating electrons and ions in the range of 32 eV to 30 keV [Hardy et al., 1984] . The IDM, similar to a Faraday cup, measures the bulk flow of plasma in the horizontal and vertical directions at right angles to the satellite's direction of motion Greenspan et al., 1988] .
[11] To describe solar wind and IMF conditions, the solar wind plasma data from the low-energy particle (LEP) experiment [Mukai et al., 1994] and the IMF data from the magnetic field (MGF) experiment [Kokubun et al., 1994] , all on board the Geotail satellite, will be used.
Solar Wind and IMF Conditions
[12] The event of interest occurred on 8 November 2000, from 0200 to 1400 UT. During this time interval, the Geotail spacecraft was in the solar wind near the Earth's bow shock (X GSM = 10.9 -16.6 R E ) with multiple entries into the magnetosheath (see Figure 2) .
[13] The IMF was associated with an away sector Parker spiral magnetic field (B x < 0); the total field magnitude was large (B $20 nT) and predominantly northward. The large, predominantly northward IMF was an extension of a magnetic cloud field that had rotated smoothly northward and stayed relatively steady since $1200 UT on 7 November 2000 (not shown). A number of large solar wind density pulses, with density values ranging from 20 to 80 cm À3 , occurred at $0320 UT, $0610 UT, $0740 UT, $0815 UT, and $1000 UT. The magnitude of the IMF, especially the dominant B z component, within these density pulses was greatly reduced, forming the so-called magnetic cavities. Toward the end of the surveyed period, the IMF turned southward for $10 min after $1030 UT (the dip B z $ reached À10 nT) and for $30 min after 1140 UT. These solar wind features seen by Geotail were also seen earlier by Wind and ACE (not shown). The solar wind and IMF data shown in Figure 2 have been shifted forward in time by 2 min to account for the propagation of the solar wind from Geotail to the Earth's magnetosphere. This is done by performing time-shifted cross-correlation analysis between the first pressure pulse and its corresponding impulse in the Sym-H index (a Dst proxy with 1-min time resolution) [Iyemori, 1990] .
Overview of Auroral Displays
[14] Figure 3 shows an overview of false-color auroral display at the LBHl band in the altitude-adjusted corrected geomagnetic coordinate (AACGM) system [Baker and Wing, 1989] for the time period 0300-1210 UT. The auroral images are plotted in typical magnetic local time (MLT)-magnetic latitude format and oriented such that the magnetic noon is on the top and the dawn on the right in 2-hour increments and MLAT contours from 60°to 90°in 10°i ncrements (see the first panel of the top row). These images are 10-min averaged from the original UVI images of 37-s time resolution, which have been corrected for distortion due to uneven pixel sensitivity and unequal pixel line-ofsight path. Because theta auroral luminosities are generally weak, the averaging process improves the signal-to-noise ratio but smears out the auroral structures. The averaging period is provided at the top of each image. For all images a small part of the dayside oval fell outside the field of view of the UVI. This is because during this time the Polar apogee has declined to too low a latitude to image the entire oval. Nonetheless, all UVI images showed a clear, relatively steady theta aurora that stretched over the polar cap connecting the dayside and the nightside oval.
[15] There are several instances of auroral brightenings in the oval and the theta aurora. These times roughly coincide with the arrival of the solar wind dynamic pressure pulses/ magnetic cavities. Auroral brightenings caused by compression of the magnetosphere by shocks have been reported previously [e.g., Spann et al., 1998; Zhou and Tsurutani, 1999; Liou et al., 2002; Zhang et al., 2003] . The sudden compression of the magnetosphere may pitch-angle scatter originally trapped particles into the loss cone of the Earth's magnetic field and consequently produce auroras. Alternatively, the increase of auroral luminosities may be caused by enhanced dayside magnetic field merging because reductions in IMF B z magnitude and increases in IMF B y magnitude were found to be associated with these pressure pulses (see Figure 1 ). There was a small time interval between $0700 and 0745 UT when the theta aurora became invisible to UVI. This time period was associated with large B z and near-zero B y components of the IMF. After the IMF turned southward (after $1030 UT), both the oval and theta aurora brightened significantly. The Polar UVI images are resampled, averaged over a 10-min window as defined by each time label for each image, and plotted in the typical magnetic latitude-magnetic local time format using the altitude-adjusted corrected geomagnetic (AACGM) coordinates [Baker and Wing, 1989] .
[16] A number of new auroral phenomena can be identified in association with the magnetospheric compression. First, auroral brightenings propagated along the dawn-flank oval from dayside via the dawn flank to nightside then into the theta bar (e.g., images from $0340 to 0430 UT). If the enhanced auroral precipitation is caused by a sudden change in the magnetic field configuration at the compression front, the theta bar should have mapped to a further distant magnetotail than the oval does. Second, multiple polar cap ''arcs'' appeared during the compression of the magnetosphere by the pressure pulses (e.g., at 0335 -0405 UT, 0605 -0635 UT, and 1035-1055 UT). Whether there is a cause-and-effect relationship between the polar cap arcs and the pressure pulses is not known. The arcs may have already existed but were intensified by the impact of the pressure pulses. Further studies are required to clarify this issue. Third, theta aurora bars can be much brighter than the oval at times after the magnetosphere is compressed (e.g., at 0430 UT). After $0420 UT the duskside oval seemed to disappear. According to DMSP F13 observations, precipitating particles within the theta bar near the dayside oval intersect were associated with sub-keV electrons (not shown).
[17] During the 10-hour interval, the theta auroras were nearly stationary, except for two short intervals. The first occurred right after the arrival of the first pressure pulse ($0340 UT). The theta aurora moved slightly from dusk toward high latitudes, while IMF B y changed signs from positive to negative. The second instance took place at $0800 UT in association with the third pressure pulse. The theta aurora became visible dawnside of the noonmidnight meridian and gradually moved duskward into the dusk sector. In this instance the sign of IMF B y changed from negative to positive. Although the motion of the theta aurora was limited, probably because of the short duration ($1 hour) and weak IMF B y after the sign change, this motion of the theta auroras in response to the orientation of IMF B y is consistent with many previous reported results [e.g., Frank et al., 1986; Huang et al., 1989; Newell et al., 1999; Cumnock and Blomberg, 2004] .
Ionospheric Plasma Flows
[18] Ionospheric plasma convection from SuperDARN reveals some interesting and consistent results. To illustrate the relationship between the convection and the theta auroras, high-time resolution (2 min) of plasma flow data acquired by SuperDARN at six different instances are superimposed on the concurrent UVI images, which are also averaged over the same 2-min time window as the plasma flow and are plotted in gray scales. These six instances are associated with different IMF conditions (shown in Figure 2 as vertical dotted lines), and their results will be discussed in detail in the following sections. 2.3.1. Instance 1: 0400-0402 UT
[19] The first instance occurred $20 min after the first pressure peak and a short southward dip of the IMF. The IMF was dominantly northward (B z $ 11 nT, B y $ À8 nT). As shown in Figure 4 (also in Figure 3) , a large portion of the prenoon and postnoon oval between $1100 and 1600 MLT was outside the field of view of UVI. Two Sun-aligned ''arcs'' were observed to orient along 1200-2200 (dusk) and 1200-0400 (dawn) MLTs. The IMF B y component changed sign from large positive to large negative at $0340 UT and became very small after $0420 UT. This sign change may have caused the dusk theta bar to move dawnward and become almost noonmidnight oriented. After $0420 UT, the IMF B y component remained close to zero for more than an hour. During this time, the theta bar became stationary and waned.
[20] The distribution of equipotential contours shows the SuperDARN solution for the global convection pattern. The ionospheric plasma flow is parallel to these contours in a clockwise/counterclockwise sense about the center of the dusk/dawn cell. The two-dimensional velocity vectors indicate where the radars made observations. The dashed blue boundary indicates the size of the convection zone as determined by a fitting of the distribution of radar backscatter [Shepherd and Ruohoniemi, 2000] . The total variation in potential is estimated to be F = 60 eV. The dashed lines show approximately the SuperDARN radar's field of view.
[21] The ionospheric plasma flow within the nightside branch of the theta bar in the dusk sector was clearly antisunward, while the plasma flow was sunward within the oval, forming a two-cell convection pattern commonly seen during southward IMF periods. Note that the lack of plasma flow between 0900 and 1500 MLT occurred because this region was outside the radar's field of view during this time. The speed of the plasma flow was not constant along the theta bar. The plasma flow speed (V p ) exceeded 600 m/s at regions where auroral luminosity are greater, but the flow speed decreased to below 400 m/s at regions of weaker auroral luminosity. The plasma flow associated with the dawn theta bar seems to be also antisunward, but the flow intensity was weaker (V p $ 100 -200 m/s). This flow intensified and did remain antisunward in the next two consecutive radar observations (not shown). A striking feature in the radar ionospheric plasma flow is the lack of radar backscatter (i.e., no vectors) within the void regions. The distribution of contours, however, does imply significant flow within the void regions. 2.3.2. Instance 2: 0618 -0620 UT [22] This example occurred during the arrival of the second pressure pulse at the Earth. As a result, the aurora luminosity increased. Note that the postnoon oval was outside of the field of view of both UVI and SuperDARN. The y-component of the IMF dominated over the z-component of the IMF (B z $ 3 nT, B y $ À5 nT, and jB y /B z j $ 1.7). Ionospheric plasma flow fields from SuperDARN are superimposed on the Polar UVI image and plotted in Figure 5 . The Polar UVI images show a clear theta aurora oriented along the 1100 -2300 MLT meridian. Ionospheric plasma flow within the nightside part of the theta bar was clearly antisunward, while flow signatures in the dayside portion were generally weaker (V p < 300 m/s). A few measurement points near the intersect of the theta aurora and the dayside oval indicated the flow was antisunward; poleward of this region the plasma flow became duskward transverse to the theta bar. Inspecting the next few flow patterns indicates that the flow intensified and was predominantly antisunward (not shown).
[23] A couple of intrusions of the auroras into the polar cap were observed at $2100, 0200, and 0400 MLT. Plasma flow within the third intruded aurora, which could be a theta aurora, was strongly antisunward (V p > 700 m/s). Similar to the first instance, the ionospheric plasma flow pattern resembled the two-cell convection. Note once again the strong tendency for the HF backscatter within the polar cap to correlate with the theta aurora luminosity.
Instance 3: 0904-0906 UT
[24] This instance occurred outside of the pressure pulse periods. The IMF was dominated by the z-component of IMF (B z $ 17 nT, B y $ 3 nT, and jB y /B z j $ 0.2), which may have resulted in the faint aurora display shown in Figure 6 . Similar to instance 2, the equatorward portion of the postnoon oval was outside of the UVI's field of view. A theta bar oriented along the 1100 -2300 MLT meridian. The dayside portion of the theta bar, which appeared in previous images (see Figure 3) , became too weak to be seen at this time. The bright nightside theta bar (which was brighter than the oval) coincides with an enhanced antisunward plasma flow that diverted into two sunward flows in the midnight oval. On the dayside the plasma flow revealed typical twin lobe cells, as expected for a strongly northward IMF component. Associating the plasma flow with the dayside theta aurora becomes difficult not only because of the weakened auroral emission but also because of lack of backscatter radar signals. From the continuity of the flow, one would expect that the dayside theta aurora could have been on a sunward flow associated with the lobe cells.
Instance 4: 1208-1210 UT
[25] This instance shows that theta auroras can remain nearly intact after a southward IMF turning. In general, the solar wind dynamic pressure was high ($20 nPa) and the IMF was dominated by the B y component (IMF B z $ À4 nT, B y $ À9 nT, jB y /B z j $ 2.3). As a result, the aurora luminosity was very intense (see Figure 7) . The intense aurora was associated with a train of solar wind pressure pulses that arrived at the Earth starting at $1000 UT (see Figures 2 and 3) . The theta aurora seems to be unaffected by [Rodriguez et al., 1995] . This event simply shows this type of decay did not occur.
[26] By this time the Polar orbit had descended and moved to the early morning, resulting in a large part of the duskside oval outside of the UVI field of view. A theta bar in the noon-midnight meridian direction can be clearly identified. The plasma flow pattern clearly showed a twocell convection, probably associated with either the negative IMF B z or the large negative IMF B y or both. The dayside portion of the theta aurora was associated with a large antisunward plasma flow. There was no radar observation in the nightside portion of the theta aurora, except in the very high-latitude region where the plasma flow was antisunward but deviated $45°from the theta bar. The plasma flow immediately outside of the theta bar on the dawn sector (there was no data on the duskside right next to the theta bar) was also flowing with a large angle away from the theta bar. A detailed examination of the line-of-sight flow vectors from each radar stations confirmed that this high-latitude slanted flow was real. This is not totally unexpected if the convection electric field was loosely coupled with the theta aurora. Indeed, after inspecting a sequence of auroral images and radar flow maps, we found that the convection flow was more dynamics than the theta aurora. The presence of the theta aurora can reduce the background convection electric field by generating a polarization electric field inside the theta bar if the magnetosphere acts as a constant current driver [e.g., Johnson et al., 1998, and references therein]. However, the field reduction within the theta bar is expected to be in the transverse direction. As long as there is a transverse component in the plasma convection, the plasma flow inside the theta bar will always have a transverse component. Of course, this picture of the theta aurora electrodynamics is oversimplifed and needs to be justified with more data.
Instance 5: 1240-1242 UT
[27] About 30 min later, the IMF had turned northward for 10 min (IMF B z $ 7 nT, B y $ 1, and jB y /B z j ( 1). The ionospheric plasma flow still remained a two-cell convection pattern (Figure 8 ). The nightside plasma flow associated with the theta aurora remained antisunward but became more focused and aligned with the theta bar. However, on the dayside, the plasma flow weakened, as expected by the sudden northward IMF turning, and became duskward. One important feature in the convection is the right-angled flow to the dayside theta bar started at $1235 UT, coinciding with the northward turning of the IMF, and lasted for about 15 min until the flow became sunward again in response to the northward IMF. The changing flow seemed to have no effect on the theta aurora (not shown). Within the nightside theta aurora the flow speed exceeded 500 m/s and even reached $1000 m/s, while outside of the theta aurora in the dawn sector the plasma flow decreased to below 300 m/s. We do not know the plasma flow in the duskside of the theta aurora because of a lack of radar returned signals.
Instance 6: 1119-1121 UT
[28] During the earlier surveyed period, DMSP satellites were mostly traversing through the low-latitude part of the dayside oval and therefore are not useful in determining the plasma flow and the magnetospheric source region of the precipitating particles responsible for the theta aurora. At $1120 UT, the DMSP F13 orbit had moved to the high-latitude polar cap region. For this fortuitous example the IMF was northward (B z $ 8 nT) and the y-component of the IMF just changed sign from negative to positive (see Figure 2 , line 6). Cross-track plasma flows along the DMSP F13 satellite orbit from DMSP IDM is plotted in Figure 9a , superimposed with the UVI image and SuperDARN plasma flow data. The DMSP F13 moved into the field of view of the UVI at 77°MLAT and $1600 MLT after $1116 UT, where plasma flow reversal from sunward to antisunward occurred. According to the DMSP SSJ4 particle data shown in Figure 9b , this flow reversal and the entire antisunward flow were associated with the plasma mantle and the polar rain. By 1118:00 UT it entered the polar cap, void of particle precipitation region. At 1119:30 UT the DMSP F13 traversed the theta bar and the plasma flow within the theta bar became sunward. Precipitating particle flux was weak and the energy spectrum showed the theta aurora is associated with sub-keV electrons and keV ions probably originating from the distant plasma sheet (PS) or the low-latitude boundary layer (LLBL). Upon exiting the theta aurora, the flow became antisunward and the precipitating particles are associated with the plasma mantle.
[29] Away from the DMSP trajectory the plasma flow, according to a few measurement points in the theta aurora, seems to be antisunward. Near the midnight intersection of the theta aurora and the oval, plasma flow, according to SuperDARN, is clearly antisunward and belongs to a part of the dawn convection cell commonly seen during southward IMF conditions. Note that the SuperDARN velocities show some sunward flow on the dayside portion of the theta aurora. This example suggests that two distinct flows can coexist within a theta aurora.
Discussion

Enhancements of Theta Aurora by Pressure Pulses
[30] We have investigated a theta aurora event that appeared intermittently during a 10-hour period on 8 November 2002. The IMF was northward for the first 7 hours and became southward for two short periods ( 1 hour) during the last 3 hours. During a prolonged northward IMF period the theta aurora became invisible to UVI during large IMF B z and small IMF B y periods and reappeared during the arrival of pressure pulses/magnetic cavities. It is important to note that the long-wavelength LBH auroral emission used in the present study is proportional to the energy flux of precipitating electrons [e.g., Strickland et al., 1983] . Therefore fading of the LBHl emission could be due to either reduction in the particle flux or softening of the particle flux energy. Although, it is possible to derived the average energy of precipitating electrons from the ratio of LBHl to LBHs [Strickland et al., 1983; ]. During the survey period, the Polar UVI operated with a single LBHl mode, thus making such an attempt impossible.
[31] The enhancement of the theta aurora may be associated with dayside magnetic field merging because increases in the IMF clock angles were also found to be associated with these pressure pulses. Therefore it is possible to relate the theta aurora enhancements to the enhancements of magnetic merging on the dayside. However, magnetic field merging often implies a loading-unloading process that has an intrinsic time scale of $60 min [e.g., Arnoldy, 1971; Meng et al., 1973] and therefore may not explain the quick response of the auroras to the pressure pulses.
[32] On the other hand, the enhancements of the theta auroras may be caused by magnetospheric compression by the impact of the pressure pulses. Previous observations have shown that sharp increases in the solar wind dynamic pressure at shock fronts can trigger sharp magnetic bays at high latitudes [e.g., Kawasaki et al., 1971; Burch, 1972] and transient auroral displays at dayside subauroral latitudes [Liou et al., 2002; Zhang et al., 2003] and in the main oval [Zhou and Tsurutani, 1999] . The sharply rising solar wind density in the pressure pulse front should have similar effects. The mechanisms that trigger the auroral enhancements are not known. It has been proposed that compression of the magnetosphere by shock impacts may cause the originally trapped particles to fall into the loss cone by wave-particle scattering [Zhou and Tsurutani, 1999] or by opening up the loss cone by sudden changes in the Earth's magnetic field configuration [Liou et al., 2002] . Observa- tions of the spectra of precipitating particles within theta auroras suggest that the aurora is on closed field lines [e.g., Frank et al., 1982; Peterson and Shelley, 1984] . The same mechanisms may apply to the theta auroras.
[33] Another piece of evidence that favors the compression mechanism is the propagation feature of the enhanced auroras. Upon the arrival of the pressure pulses, the aurora brightened first on the dayside; the brightened region propagated/extended from the flanks to the nightside and finally to the theta aurora. This implies that the main oval maps to closed field line regions closer to the Earth, whereas the transpolar arc maps to the old region of closed field lines that expand further tailward. Such a tail geometry for theta auroras has been shown in some transpolar arc models focusing on the tail geometry [Akasofu et al., 1984; Kullen, 2000; Kullen and Janhunen, 2004] . Therefore the propagation of the pressure pulse could be expected to take place from the flank to the central tail and from the near-Earth tail to the distance tail. The moving front of the aurorally enhanced region should map to the compressional front in the magnetosphere, which moves at the solar wind speed, assuming these pressure pulses are stationary in the solar wind frame. For a solar wind speed of $450 km/s during the entire period, it takes 1 min for the pressure pulses to propagate 4 Earth radii. Therefore the dayside part of the theta aurora maps to more than 100 R E down the tail. Numerical simulation results from the work of Kullen and Janhunen [2004] also showed that the dayside part of the ''theta aurora'' maps to a minimal distance of 108 R E down the tail.
Plasma Flows on the Nightside Theta Aurora
[34] Perhaps the most striking feature of the data is the coherent ionospheric plasma drift within the theta aurora during the studied northward IMF interval. The ionospheric F layer plasma was found unexpectedly to drift antisunward within the nightside extension of the theta aurora and either sunward or antisunward within the dayside portion of the theta aurora. The antisunward plasma flows were diverted at the nightside intercept of the theta aurora with the oval; the flow became sunward inside and equatorward of the main oval. This result suggests that the theta aurora, at least the nightside extension, is on open field lines, which is clearly in contradiction with the current consensus that theta auroras are on closed magnetic fluxes that move sunward [e.g., Frank et al., 1986; Chang et al., 1998 ]. It is worth mentioning that SuperDARN convection has been used previously by Chang et al. [1998] to study the ionospheric plasma flow associated with theta auroras. For example, the first of the two theta aurora events they examined showed a clear antisunward flow near the magnetic pole associated with the theta aurora. However, this result was discarded because, according to their explanation, the theta aurora (bar) is narrower than the spatial resolution of the Super-DARN and therefore its associated flow cannot be resolved by SuperDARN. The theta auroras we have studied are much wider (three times or more) than the radar grid size and therefore are not subject to the same constraint.
[35] Our results are also consistent with some reports from ground-based observations. A few studies of smallerscale (<100 km) polar cap arcs have also suggested that the nightside part of Sun-aligned arcs is associated with an antisunward plasma flow. Using Sondrestrom radar and allsky camera observations of a polar cap arc connected to the auroral oval near local midnight, Robinson et al. [1987] found that the arc near its midnight intercept is associated with an enhanced equatorward plasma flow (1.2 km/s) embedded in a large-scale but slower (200 m/s) equatorward plasma flow. Using the same observations during a series of four Sun-aligned arcs, Mende et al. [1988] concluded that the motion of plasma was predominantly antisunward within the arcs (53% of 37 drift measurements), while both flows are equally possible (41% sunward and 39% antisunward) outside of the arcs. Although smaller-scale arcs may not be associated with theta auroras, these results confirm that mesoscale antisunward flow exists during northward IMF intervals.
Plasma Flows on the Dayside Theta Aurora
[36] The dayside extension of the theta aurora was found to be on a variety of plasma flows, including sunward, antisunward, and zonal flow. The sunward flow event occurred during a large B z /jB y j ($6) value and was associated with one of the two reverse convection cells on the dayside (event 3), whereas the antisunward flow event occurred during intervals with southward IMF (event 4). From the two examples (events 2 and 5) and many other instances during the entire study period, it is found that zonal flow events are associated with sign changes in IMF. However, limited observations and lack of scattered radar signals prohibit us from coming to a firm conclusion.
[37] On the other hand, our result may not necessarily entirely contradict previous findings. As mentioned in section 1, previous studies have primarily relied on in situ measurements taken from satellite passes over theta auroras. Sunward flows may result if these measurements were taken on the dayside part of the theta aurora. This is very likely the case because, for example, the DMSP orbits are mostly confined within the sunward part of the northern hemispheric oval and therefore cannot provide the entire flow configuration, especially on the nightside part, for the theta aurora. A literature search of some previous studies from DE-1 [Frank et al., 1986] and DMSP , indeed, indicates that they were mostly associated with dayside or near pole crossings. Using DE-1 and DE-2 observations during a theta aurora, Nielsen et al. [1990] showed that the dayside theta arc is associated with a flow that transitions from antisunward to sunward.
Electrodynamics of the Theta Aurora
[38] Using radar measurements made surrounding a polar cap arc near the conjunction where the polar cap arc connected to the oval, Robinson et al. [1987] reported that the polar cap arc under study is associated with an enhanced antisunward flow that embedded in a weaker (50%) antisunward flow in the polar cap. In the present study, enhanced coherent ionospheric plasma flows (V p > 500 m/s) were also observed within the regions of enhanced auroras, including both the oval and the theta auroras, while little backscatter radar signals were detected within the ''optically dark'' polar cap during the prolong northward IMF period. It should be noted that in the auroral region the lack of flow can be caused by enhanced ionospheric ionization caused by auroral precipitation that may inhibit the F region scattered radar signals from reaching the ground. In regions of void emissions, the lack of scattered radar signals can mean either a stagnant flow or lack of plasma regularities; one can never be certain about the flow condition when there is no returned signal. With the very limited number of measurements, it is hard to tell if plasma flow is always faster within theta auroras.
[39] Comparing plasma flow inside and outside of theta auroras may provide a means to test whether the ionospheric feedback mechanism [Atkinson, 1970; Holzer and Saito, 1973; Sato, 1978] is at work. For an antisunward convection corresponding to a dawn-to-dusk electric field in the nightside polar cap, a conductivity gradient in the polar cap associated with theta auroras will cause the theta aurora to be polarized by the ambient dawn-to-dusk electric field. If the ionospheric background conductance is high, the polarization electric field will grow until the electric field within the theta aurora diminishes and the plasma flow stops. On the other hand, if the background ionospheric conductance is low, the ionosphere will respond with a pair of upward and dawnward field-aligned currents to reduce the polarization charges. In the Robinson et al. [1987] event and the present event, the background ionospheric conductance is low, and according to the feedback mechanism the plasma flow inside the theta aurora should be nearly unaltered. A faster plasma flow could mean the theta aurora is overdriven by the magnetospheric currents.
A Conceptual Theta Aurora Model
[40] Since the report of the DE-1 images [Frank et al., 1982 [Frank et al., , 1986 ], a number of conceptual models have been proposed to explain the formation of theta auroras. The spatial distribution of auroras has led Frank et al. [1982] to speculate that the theta aurora is associated with a bifurcated lobe in the magnetotail, with the bifurcated region mapping to the plasma sheet boundary layer (PSBL) or the distant plasma sheet associated with antisunward flows in the tail [Frank et al., 1986] . What causes the tail lobe to bifurcate was not explicitly given. After observing several theta auroras that occurred after a short southward excursion of the IMF, Newell et al. [1995] proposed that theta auroras are produced by separation of the dawn/dusk oval by newly opened fluxes associated with short southward turnings of the IMF. Later, Chang et al. [1998] generalized this idea by including the IMF B y component because they found two theta aurora events that occurred after a sudden sign change in the IMF B y component. Note that both Newell et al. [1995] and Chang et al. [1998] models require a gap between the dayside end of the theta bar and the oval, which seems to be in contradiction with present and many previous reported results. Of course, we cannot exclude the possibility that the gap is too small to be resolved by current satellite imaging.
[41] On the basis of results from a pure magnetic field line model, Akasofu and Roederer [1983] and Akasofu et al. [1984] proposed that an IMF tangential discontinuity associated with a northward IMF and a sign change in IMF B y can form field-aligned currents in the region that separates the lobe into two. More recently, Kullen [2000] and Kullen et al. [2002] , using MHD simulation, proposed that twisting of the magnetotail as a result of sudden changes in the IMF B y component can also produce theta auroras. However, the magnetically closed regions in the polar cap, which are interpreted as the transpolar arcs by the latter models, does not stretch all the way to the dayside oval and may not be associated with the traditionally defined theta aurora.
[42] The present findings of the theta aurora on antisunward plasma flow and the plasma source of the PS/LLBL provide important constraints on the model of theta auroras. While we do not oppose these conceptual models, small modifications are probably required in order to explain the present findings. Following the concept of Newell et al. [1995] and Chang et al. [1998 ] models, we propose that the LLBL can be the place for magnetic merging during prolonged northward IMF periods with a large IMF B y component. Figure 10 , taken and modified from Weiss et al. [1993] , shows schematic drawings of the mapping of the magnetotail to the ionosphere under extended northward IMF conditions [Mitchell et al., 1987] and the PS/PSBL becomes contracted. The magnetotail is based on an expanded LLBL and a contracted PS/PSBL configuration. The smaller cross-sectional area of the lobe and the PS/PSBL relative to that of LLBL reflects significant reductions in the rate of magnetic field merging during northward IMF intervals. When mapped to the ionosphere, the polar cap presents a tear-drop shape [Murphree et al., 1982] , with a thickened oval on the dawnside and duskside that maps to the LLBL, as shown in Figure 10 (right). Notice that the plasma flow within the thickened oval is antisunward.
[43] When the IMF changes its sign to southward from northward for a short period or the IMF B y component quickly changes sign, a merging site would occur on the LLBL and a new open flux would be added into the thickened oval to form a theta aurora poleward of the new lobe when suitable IMF conditions are met [Newell et al., 1995; Chang et al., 1998 ]. Because the theta aurora was a part of LLBL, the plasma flow is thus antisunward. In this view, the dayside extension of the theta aurora should also be on antisunward flows, as indicated by some of the examples. However, examples of sunward and zonal flows were also found within the theta auroras. If the dayside plasma flow associated with theta auroras are much weaker, as this part of theta auroras maps to the distant tail, the overall ionospheric plasma flow may be dominated by current states of dayside merging and solar wind pressure effects. It has been shown that sudden solar wind impulses can result in the formation of convection cells of minute timescales in the dayside polar cap during northward IMF conditions [Moretto et al., 2000] . These convection cells come in pairs that mimic the lobe cells, which have been also found to be confined in the day sector [Burke et al., 1979; Huang et al., 2000] and may not be associated with the theta aurora. Indeed, we often observed fast changes of flow on the dayside, while the theta aurora showed little changes in its morphology. Because the dayside theta aurora maps to the distant tail, sudden changes in the dayside merging would not affect plasma distribution in the distant tail. Further studies are needed to justify this point.
Summary and Conclusions
[44] In summary, we have studied and compared a theta aurora event that occurred during the passage of a northward magnetic cloud field on 8 November 2000, with the SuperDARN radar and Polar UVI image data. A few salient results pertaining to the characteristics of the theta aurora can be summarized as follows: (1) The theta aurora luminosity can be greatly enhanced during the passage of solar wind pressure pulses; (2) the theta aurora can become much brighter than the oval after the passage of the pressure pulses; (3) the theta aurora propagated at the direction in which IMF B y was oriented, in a good agreement with previous results; (4) there is no significant decay in the theta aurora during a short duration (up to 40 min) of southward IMF; (5) the ionospheric flow was antisunward within the nightside extension of the theta aurora, which is also likely embedded in an antisunward background plasma flow; and (6) there was no consistent flow pattern within the dayside part of the theta aurora. These results, along with many others previously found by other workers, provide constraints to any attempts for theorizing and modeling the theta aurora. [1993] ).
